Shiga toxin-producing Escherichia coli (STEC) strains are commonly found in the intestine of ruminant species of wild and domestic animals. Excretion of STEC with animal feces results in a broad contamination of food and the environment. Humans get infected with STEC through ingestion of contaminated food, by contact with the environment, and from STEC-excreting animals and humans. STEC strains can behave as human pathogens, and some of them, called enterohemorrhagic E. coli (EHEC), may cause hemorrhagic colitis (HC) and hemolytic-uremic syndrome (HUS). Because of the diversity of STEC types, detection strategies for STEC and EHEC are based on the identification of Shiga toxins or the underlying genes. Cultural enrichment of STEC from test samples is needed for identification, and different protocols were developed for this purpose. Multiplex real-time PCR protocols (ISO/CEN TS13136 and USDA/FSIS MLG5B.01) have been developed to specifically identify EHEC by targeting the LEE (locus of enterocyte effacement)-encoded eae gene and genes for EHECassociated O groups. The employment of more genetic markers (nle and CRISPR) is a future challenge for better identification of EHEC from any kinds of samples. The isolation of STEC or EHEC from a sample is required for confirmation, and different cultivation protocols and media for this purpose have been developed. Most STEC strains present in food, animals, and the environment are eae negative, but some of these strains can cause HC and HUS in humans as well. Phenotypic assays and molecular tools for typing EHEC and STEC strains are used to detect and characterize human pathogenic strains among members of the STEC group.
INTRODUCTION
Shiga toxin (verotoxin)-producing Escherichia coli (STEC) strains were first described in 1977 by their ability to cause cytotoxic effects on Vero cells (1) . In the early days, production of Shiga toxin (Stx) by E. coli was thought to be associated with certain human enteropathogenic E. coli (EPEC) strains (1) (2) (3) . STEC was recognized as a zoonotic agent when the first known outbreaks occurred in 1982. STEC O157:H7, a rare serotype of E. coli, was isolated from patients developing hemorrhagic colitis (HC) after they ingested undercooked beef in restaurant chains (4) . STEC O157 was isolated from the incriminated beef, indicating a possible transmission from a bovine reservoir. In the following years cattle were identified as a worldwide natural reservoir for STEC O157 and non-O157 strains and as an important source of food contamination (5) (6) (7) (8) .
Repeated sampling of cattle revealed that the agent was occasionally present in the majority of cattle farms in Europe and America (9) . However, recent findings on the epidemiology of enteroaggregative Shiga toxin-producing E. coli (EAEC-STEC) O104:H4 indicate that not all STEC strains have a zoonotic origin (10, 11) .
STEC in Food, Animals, and the Environment
With the improvements in STEC detection methods, the search for natural STEC reservoirs and for E. coli serotypes associated with Stx production intensified. STEC was identified as a frequent colonizer of domestic and wild ruminants such as cattle, sheep, goats, and deer (9, (12) (13) (14) (15) (16) . Some nonruminant domestic and wild animals such as pigs, wild boar, and hares were also identified as important sources and natural reservoirs of serologically diverse STEC types (12, 15, 16) .
Today, it is known that STEC is present as a resident of the gut flora or transiently carried by many species of mammals, as well as birds, insects, mollusks, and fish (17) . Contamination of food of animal origin occurs frequently at the critical stages of food production, such as milking, slaughtering, and evisceration. Accordingly, numerous types of STEC are found in meat and milk products from domestic and wildanimals (8, 18) . Fecal shedding of STEC from infected animals results in wide contamination of farmland, water, and fresh produce (19) . Wastewater processing plants do not eliminate STEC completely from treated water (20) . As a consequence, STEC may be present in irrigation water, resulting in surface contamination of herbal foodstuffs such as vegetables and fruits. Effluents from farmland containing STEC contaminate coastal waters and shellfish (21, 22) . Birds and insects play an important role in disseminating STEC over long distances, thus allowing the spread of the agent over larger geographical areas (17) . Direct and indirect transmission of STEC from animal to animal and from animal to humans was observed for O157 and other STEC types (17, (23) (24) (25) . STEC of various serotypes was found to persist on contaminated farmland, pen floors, and the skin of animals, and evidence for horizontal dissemination of STEC clones and recontamination of animals was found (26) . Once in the environment, STEC may survive in soil and water for weeks and months, depending on biotic factors and the physicochemical conditions in general (27) . The dissemination of STEC is also promoted by the occurrence of free stx phage particles in the environment (28) . Transfer of stx genes to E. coli was found to occur by free Stx phages in food and water, giving numerous possibilities for the generation and spread of STEC strains (29) .
The ecology of STEC in animals and its relative stability to physicochemical stress conditions have the effect that this agent is found in practically all kinds of foodstuffs, animals, and environments. This also includes geographical areas that are not used for agricultural activities.
Diversity of STEC Types
After the first outbreaks with Stx-producing O157:H7 became known, the search for STEC concentrated mainly on this particular serotype. However, investigations of animal reservoirs and human patients infected with STEC revealed an enormous diversity of E. coli serotypes associated with Stx production. A compilation published in 2005 of STEC strains isolated from human patients listed more than 400 serotypes (30) . It is likely that the number of STEC serotypes from patients has increased. A review article from 2007 listed 171 E. coli O groups as associated with Stx production. The STEC strains were from diseased humans and healthy cattle and sheep (31) . In summary, with a few exceptions, E. coli strains of virtually all known O serogroups were already found associated with Stx production. In addition, many STEC strains with untypeable (unknown) O antigens were isolated from patients, animals, and food, indicating that the serotype diversity of STEC is beyond the current serotype scheme, including more than 182 O antigens and 53 H antigens (18, 30, 31, 33) .
On the other hand, epidemiological data on STEC serotypes isolated from humans indicate that a small number of STEC serotypes predominate in patients with severe illness (34) (35) (36) . Most of these STEC strains belong to the group of enterohemorrhagic E. coli (EHEC) strains and mainly to serogroups O26, O45, O103, O111, O121, O145, and O157. EHEC is most frequently implicated in severe disease such as HC and hemolytic-uremic syndrome (HUS) (33, 36) . In contrast to other STEC strains, EHEC strains were found to be similar to each other for the presence of genes involved in the intestinal attaching and effacing (LEE) mechanism and for non-LEE (nle) effector genes. Accordingly, a molecular risk assessment (MRA) concept was developed to assess the relative pathogenicity of STEC strains according to the presence of virulence attributes and their frequency in human infections (37) (38) (39) (40) .
Other STEC strains lacking LEE and non-LEE effectors were also found to cause HC and HUS in humans. Among these, STEC strains of serogroups O91, O104, O113, O128, and O146 are most frequently mentioned (33) (34) (35) (36) 41) . In contrast to EHEC, these STEC strains are less well defined for the molecular basis of their human pathogenicity (42) . However, the outbreak with EAEC-STEC O104:H4 strains in Europe showed that effective colonization of the human intestine together with production of Stx2a is sufficient to cause HC and HUS (11, 43) . Therefore, it is likely that other serotypes of STEC strains might emerge as severe human pathogens in the future. As a consequence, the search for STEC should a priori not be restricted to a limited range of E. coli serotypes. Accordingly, this report concentrates on both STEC detection procedures independent of the serotype and methods specifically developed for detection of EHEC O157:H7 and major non-O157 EHEC serogroups (O26, O45, O103, O111, O121, and O145) that are associated with severe illness in humans worldwide. Methods specifically developed for the detection of EHEC O157:H7 only are not addressed here.
STEC DETECTION STRATEGIES
Because of the variety of STEC serotypes and phenotypes, the identification of Shiga toxins or the underlying genes is the only way to detect virtually all STEC types from any kind of sample (44, 45) . Over the last 3 decades, Stx detection assays were developed. These assays can be grouped into tissue culture cytotoxicity assays, immunological assays, and DNA-based methodologies.
Cytotoxicity assays and immunological assays are phenotypic assays indicating the synthesis and the relative amount of Stx produced by the bacterium. DNAbased methodologies deal with the molecular detection of stx genes. Shiga toxins comprise a growing family of genes with enormous type diversity (46) . The Stx family splits into two major branches, Stx1 and Stx2, which are immunologically not cross-reactive and show about 55% difference in their amino acid sequences (47) . The Stx1 family divides into four major subtypes (Stx1, Stx1a, Stx1c, and Stx1d), which further split into a number of genetic variants. The Stx2 family branches into seven major subtypes (Stx2a, Stx2b, Stx2c, Stx2d, Stx2e, Stx2f, and Stx2g), which subdivide into a total of 93 genetic variants (46) . Because of the enormous type diversity of Stx1 and Stx2 family toxins, problems can arise in detecting all toxin subtypes with both serological and genetic assays.
Cytoxicity Assays for Stx
Cytotoxicity tests are regarded as the "gold standard" for Stx testing as only these tests indicate the cytotoxic effect on mammalian cells (48) . They are commonly performed with Vero cells but require neutralization tests with Stx1-and Stx2-specific antisera to confirm the specificity of the result (49) . HeLa cells might also be used but were shown to be less sensitive to certain Stx variants (50) . Cytotoxicity tests are suitable for demonstrating the biological activity of Stx or the expression of the stx genes detected by serological or DNA-based assays, respectively (51, 52) . Comparative studies have shown that cytotoxicity tests are more sensitive for detection of Stx than immunological assays (48) . The detection limits of any test system can be critical if the samples contain low amounts of Stx or if the assay fails to detect certain subtypes of Stx1 or Stx2 (51, 53, 54) . Cytotoxicity tests can be used for direct Stx testing from fecal samples where immunological methods can fail (53) . However, fecal, food, and environmental samples may contain mixtures of bacteria that can produce enterotoxins, cytolysins (hemolysins), or other cytotoxins different from Stx but equally active on Vero or HeLa cells (50) . Without Stx-neutralization assays, these kinds of samples may produce confounding results.
On the other hand, test samples containing glycolipids (Gb3 + Gb4) that bind to the Stx receptor (B-subunit) can neutralize the cytotoxic effect in cell culture assays (55, 56) . For routine screening of test samples, cytotoxicity tests are less frequently used because they are labor-intensive, need specific equipment and personnel skills, and require 72 h before final conclusive reading (48) .
Immunological Assays for Stx
A large number of immunological assays for the detection of Stx have been developed, and many are available commercially. These serological assays are enzymelinked immunosorbent assays (ELISAs), reverse passive latex agglutination assays, immunochromatographic lateral flow test systems, and the colony immunoblot. Capture of Stx from the sample may occur through the P1 glycoprotein, Gb3 receptor, or monoclonal antibodies directed against Stx1 and Stx2 (50).
Some commercially available tests were evaluated for their sensitivity and specificity (51, 53, 54, (57) (58) (59) . A number of serological assays gave weak reactions or did not detect some strains expressing Stx variants such as Stx2c, Stx2e, Stx2f, and Stx2g (51, 57, 59, 60) . Significant differences in the performance of some commercial Stx ELISAs were revealed by an interlaboratory study performed on beef samples inoculated with STEC strains producing different kinds of Stx (61) .
Stx ELISA and an immunochromatographic lateral flow system were used to compare representative strains covering all known toxin types, and all Stx variants, except Stx2f, were detectable. Except for Stx2f, the false-negative results were assumed to be due to low toxin production, which was below the detection limit of the serological assay (59) . Stx ELISA and the immunochromatographic flow system detected <10 CFU of EHEC (O26, O103, O111, O118, O121, O145, and O157) per 25 g in enrichment cultures grown from artificially contaminated salad samples (59) .
Detection limits of different serological tests were reported as between 0.5 ng/ml to 126 ng/ml, depending on the test system and the Stx types analyzed (58, 62, 63) . Stx2f is genetically most distant from all other Shiga toxins (46) . It is therefore possible that the Stx2specific antibodies used in most immunological assays do not react with the Stx2f variant (59, 60) . The combination of a serological test with a PCR assay (Immuno-PCR) was shown to decrease the detection limit for Stx2 from 1 ng/ml to 10 pg/ml (64) . PCR-ELISA was reported to increase 100-fold the sensitivity of a conventional Stx PCR assay (65) . A PCR-ELISA technique was successfully used to screen and isolate STEC from naturally contaminated dairy products and retail minced-beef samples (66, 67) .
Immunological assays, such as the verocytotoxigenic E. coli (VTEC) reverse passive latex agglutination assay, were found sufficiently sensitive to identify single Stxproducing colonies from agar plates after treatment with polymyxin B (68) . When larger numbers of colonies need to be screened for the presence of STEC, the colony immunoblot offers the possibility of detection and isolation in a one-step procedure (44, 69-72) ( Fig. 1) . Commercially available hybridoma cell lines for Stx1 (ATCC CRL-1794) and Stx2 (ATCC CRL-1907) proved to be successful for identification of different STEC strains from food and fecal samples (69, 70, 73) . Food inspection laboratories in Germany widely use the colony immunoblot since, according to German legislation, all STEC types present in food must be regarded as potentially hazardous (61).
DNA-Based Assays for Stx and Other Virulence Markers of STEC
DNA-based assays to detect STEC are rapid to perform and have the advantage of being independent of the availability of specific Stx antisera and cell culture facilities. Universal Stx1 and Stx2 gene probes (74, 75) were developed and found useful for simultaneous detection and isolation of STEC in colony hybridization assays with different kinds of samples (50, (76) (77) (78) (79) (80) . For general detection of STEC from all types of samples, common stx PCR assays covering the different stx variant genes were developed (67, (81) (82) (83) (84) . Considerable differences in specificities were found when some PCR and PCR-restriction fragment length polymorphism (RFLP) methods were compared (85) . PCR-RFLP protocols use specific differences in the restriction endonuclease patterns of stx PCR products for further toxin subtyping. PCR-RFLP was also helpful in detecting multiple copies of stx 2 variant genes, which are frequently present in certain STEC strains (86, 87) . As universal PCR primers fail to detect some Stx subtypes such as stx 2f, a minimum of one primer pair for the Stx1 family and two primer pairs for the Stx2 family were found necessary to cover all known Shiga toxin variants (46, 88) .
Conventional multiplex PCR assays were developed to detect STEC and were successfully tested on bacterial isolates (89) . Conventional PCR assays require separation of amplified DNA molecules by gel electrophoresis followed by interpretation of the results from agarose gels. The interpretation of PCR results can cause problems in assays performed with DNA obtained from mixed cultures of bacteria. Results were ambiguous in testing enrichment cultures from meat samples with a common primer system for stx 1 and stx 2 (90) (Fig. 2) . The same stx primers were used in a study of STEC in fecal samples of human healthy volunteers, resulting in 13.9% stx-PCR-positive samples; however, STEC could be detected only in 1 of the 23 stx-PCR-positive samples (91) . New rapid PCR assays that do not need gel electrophoresis, such as loop-mediated isothermal amplification, were used to detect 1 to 20 CFU of EHEC/ 25 g by detecting serogroup-associated genes in spiked meat and produce samples and could be an alternative to conventional PCR assays (92) .
Real-time PCR assays overcome the gel electrophoresis step and have the advantage that the PCR is combined with gene probe hybridization, thus ensuring a quantitative, more specific, and very rapid detection assay. In the last decade, real-time PCR systems for universal STEC screening became more important for examining clinical, food, and environmental samples (93) (94) (95) (96) (97) . Two sets of primers were successfully used for real-time PCR using SYBR Green to detect different variants of Stx1 and Stx2 genes (98) . In an evaluation study on a large number of STEC and non-STEC strains, two degenerated primer pairs and two labeled gene probes were found sufficient to detect all stx 1 and stx 2 variant genes except for stx 2f (99) . The same primers and probes were found to detect STEC from enrichment cultures of ground beef samples inoculated with 2 to 20 CFU of bacteria/25 g (100) . Alternative real-time PCR detection systems using common stx 1 and stx 2 primer sets and probes have been successfully tested on ground beef samples artificially contaminated with EHEC (1 to 10 CFU/25 g) belonging to the most prominent serogroups (101) . Two sets of PCR primers and TaqMan minor groove binder probes were successfully employed to detect EHEC O26, O111, O118, O121, O145, and O157 (1 to 10 CFU/25 g) in spiked salad samples and in sprouted seeds naturally contaminated with STEC O104:H4 (102) . A large number of tests based on realtime PCR amplifications have been developed, and many are available commercially. However, a comparison of different sets of commercialized real-time PCR assays for the detection of STEC revealed significant differences in their specificity and sensitivity values (103) .
Most promising with real-time PCR systems is the simultaneous detection of the characteristic virulence markers and phenotypic traits of EHEC strains, permitting their rapid identification from mixed cultures in a multiplex assay. Two reference methods based on realtime PCR detection of the most important EHEC types of strains from food have been developed. One has been standardized at European (Commission for European Normalization, CEN) and international (International Organization for Standardization, ISO) levels (104). The other is an official method used in the United States for meat products (MLG 5B.01) (105). Both methods rely on the detection of the most important EHEC types. STEC strains are considered highly pathogenic when they combine the presence of stx 1 or stx 2 and eae genes and belong to one of the serotypes O157:H7, O26:H11, O145:H28, O111:H8, and O103:H2 ("big five") or their nonmotile variants (104, 106). The method used in the United States includes the same panel of EHEC serotypes and, in addition, EHEC of serogroups O45 and O121 ("big seven group") (105). Interestingly, EHEC O45:H2 strains are isolated from patients in North America but are not yet notified as disease agents in Europe. In contrast, EHEC O121:H19 strains were repeatedly isolated from patients with HUS on the European and North American continents (34-36, 107, 108) .
The European and U.S. EHEC screening methods first investigate the presence of stx (97) and eae (109) genes. In the case of a positive result, the presence of genes encoding the lipopolysaccharide (LPS) of the abovementioned EHEC serogroups is tested (88, 104, 105) . A list of the real-time PCR detectors used in the European CEN/ISO method was published by Stephan et al. (88) . Both procedures were published and became effective in 2012.
This sequential procedure can provide four different results. When stx and eae genes are not detected, one concludes that STEC strains are absent. When an stx gene is detected but no eae gene, one presumes the presence of an STEC strain with no or low risk for public health. In both cases, no further action is taken. If stx and eae genes are detected, the sample contains STEC strains potentially pathogenic to humans. In that case, the presence of genes coding for the above-mentioned EHEC serogroups is investigated. If one of these serogroups is detected, the test portion may contain STEC highly pathogenic to humans, and a confirmation is required by isolating the supposed EHEC strain from the sample. Bacteria from samples positive for stx, eae, and one or more of the investigated LPS-encoding genes are isolated using serotype-specific immunomagnetic assays to confirm the presence of these markers in the same strain (104, 105). The single colonies thus isolated are investigated with the previously described genetic markers to confirm the presence of all pathogenicity markers in the same strain.
The isolation of the EHEC strain is important, as samples from feces, food, and water may contain mixtures of eae-negative STEC strains, stx-negative strains belonging to the EHEC serogroups, and eaepositive EPEC strains not producing Stx (110) (111) (112) (113) (114) . Without doubt, the adaptation of these or alternative (115) real-time PCR protocols will be very helpful for detecting most EHEC strains pathogenic to humans from food samples.
However, it is still not completely clear which other factors contribute to the human pathogenicity of STEC strains not belonging to the "big five" or "big seven" EHEC groups that are targeted by sequential assays described above. As a consequence of such restrictions, there is always a risk that other serotypes of STEC that might be highly pathogenic for humans as well are not taken into account. For example, a considerable number of clinical isolates of STEC strains different from the "big five" and "big seven" groups were isolated from patients with HUS in Germany and are listed in the HUSEC collection (108) . A number of eae -and stxpositive STEC strain types serologically different from the "big seven" group were recently found to be similar to the "big seven" EHEC strains according to their nle gene profiles (40) . These "emerging EHEC" strains belong to serotypes that were previously shown to be associated with HC and HUS in humans (O5:H-, O15:H2, O55:H7, O103:H11, O103:H25, O118:H16, O123, O165:H25, O172:H25, and O177:H-) (34, (116) (117) (118) (119) .
The outbreak in Europe with EAEC-STEC O104:H4 in summer 2011 caused a paradigm shift with regard to human pathogenicity of STEC strains (10, 11) . The presence of the eae-negative EAEC-STEC O104:H4 strain in a food matrix would not have been considered as dangerous according to the criteria based on the European Union and U.S. guidelines described above (11) . It is therefore important to adopt such procedures for the current situation by including new significant gene targets such as aggR for identification of EAEC-STEC strains (11, 102) . Recently, PCR tests specific for EAEC-STEC O104:H4 (120) were stipulated in the new regulation on sprouts and seeds published in Europe in March 2013.
Severe disease such as bloody diarrhea cannot be attributed simply to the stx genotype or certain serotypes of STEC (36, (121) (122) (123) and is not only restricted to infections with typical EHEC strains. Besides O104:H4, other types of LEE (eae)-negative STEC strains can play a role as severe pathogens of humans (42) . Only half of human STEC infections in the European Union were caused by "big five" strains (107) . This indicates that searching for STEC potentially pathogenic to humans in animals, food, and the environment should not be limited to the set of stx-and LEE (eae)-positive STEC strains.
Cultural Enrichment of STEC from Nonhuman Samples
STEC is generally present in relatively low numbers in environmental and food matrices and in feces of ruminant animals that are the natural hosts for these strains. For STEC screening, it is therefore important to include cultural enrichment steps that allow growth of STEC to detectable numbers by either method. Enrichment in liquid media by sample dilution (generally 1:10) reduces possible inhibitors of STEC growth that might be present in the sample. A second enrichment step of plating aliquots from liquid enrichment cultures grown on solid agar plates and investigating DNA prepared from the lawn of bacteria can enhance the sensitivity of STEC detection (99, 102) .
For detection of Stx by serological assays including the colony immunoblot, media containing substances that enhance production of Stx such as mitomycin C are employed (50, 53, 59, 72) . Mitomycin C can boost drastically Stx production and toxin release by bacteria (124, 125) . Certain STEC strains do not produce detectable quantities of Stx without induction (52, 125) . Apart from mitomycin C, which is a highly toxic substance, different classes of low-toxicity antibiotics were found to induce the production of Stx (126) (127) (128) . These antibiotics may present alternatives as toxin enhancers for detection of Stx in phenotypic assays (125) .
The addition of Stx enhancers is not needed for STEC detection by DNA-based methods. Nevertheless, microbial enrichment of test samples is always recommended and is a critical step in any protocol for detection of STEC from all kinds of samples (88, 129) . Ideally, enrichment favors growth of STEC and disfavors growth of other organisms present in the sample. However, apart from protocols developed for STEC O157:H7 (130, 131), there is no standard method for specific enrichment of non-O157 STEC strains from food and other samples (129, 132) . As a consequence, numerous enrichment media and growth conditions for STEC from food, fecal, and environmental samples were developed (129, 133, 134) (Table 1 ). However, most of these have not been evaluated for their relative efficacy (135) .
Testing growth of STEC strains in different types of commonly used enrichment media revealed strainspecific differences, depending on incubation temperature and media supplements (136) . Enrichment media containing novobiocin that are used in standard protocols for enrichment of STEC O157 strains (130, 131) were found to inhibit growth of some non-O157 STEC (136) and freeze-injured STEC O157 strains (61, 88, 137) . A preenrichment step in a nonselective medium is therefore generally recommended for growing stressed STEC from food and other samples (88, 129, 131) .
Enrichment of STEC from suspected food samples is also important to avoid false-positive results for STEC. Real-time PCR showed high CT values (>35), indicating the presence of a very low number of STEC, in 7.5% of meat and 16.0% of cheese samples after cultural enrichment (138) . Very high CT values after enrichment may indicate that nonenrichable stx sequences are present that might correspond to stx phages or nonculturable STEC strains (138, 139) (Fig. 3) .
Apart from the composition of the enrichment medium, the incubation time for enrichment (generally 6 to 24 h) and the temperature (between 35 and 41.5°C) are critical. STEC O157 was found to grow best between 30 and 42°C (140) . The incubation temperature of 41.5 ± 1°C, as recommended by ISO 16654 (130), might hamper the recovery of injured bacteria (88) . The composition of the growth medium together with the incubation temperature (37°C versus 42°C) has a significant influence and may cause multiple effects on the growth behavior of STEC belonging to different serotypes (136) .
The chosen temperature can be very important for cultural enrichment of STEC from samples where high numbers of a bacterial flora from the environment are present. Vegetables such as ready-to-eat salads may contain about 10 7 CFU/g of total aerobic bacteria, and bacterial growth continues at retail storage temperatures of 6 to 10°C (102, 141) . More than 90% of the total microbial counts in ready-to-eat salads are represented by Pseudomonas and Enterobacteriaceae (142, 143) . As these bacteria are generally inhibited by a growth temperature of 44°C, a preenrichment step at 37°C for 6 h in liquid medium (buffered peptone water or brilliant green bile broth) ( Table 1) followed by a second enrichment step by growth on selective agar plates incubated at 44°C for 18 to 22 h was found suitable to recover an initial inoculum of 1 to 10 CFU of EHEC/25 g from ready-toeat salad samples (102) . The choice of the best enrichment media, enrichment time, and temperature may vary according to the sample matrix (food, environment, or feces),which has to be investigated for STEC; no general recommendation can be given at the present state.
ISOLATION OF STEC FROM Stx-POSITIVE SAMPLES
The isolation and further typing of STEC from incriminated samples are required to confirm positive results from Stx screening and to uncover chains of infection in STEC outbreaks and sporadic cases (50) . Detecting Stx production or the underlying genes in any kind of a The following substances are used (singly or in combination) as supplements to increase selectivity: novobiocin, vancomycin, cefixime, acriflavine, cefsulodin, cefixime, K-tellurite, and bile salts. Adapted from reference 134. sample without attempting to isolate the STEC strain is incomplete and should be considered as presumptive (50, 132) .
In most samples, STEC is present in low numbers, and isolation may involve testing large numbers of colonies (132) . Thus isolation of STEC is the most laborious part of STEC screening as the majority of STEC strains show phenotypic properties very similar to those of commensal E. coli and other Enterobacteriaceae, which can be present in any kind of sample.
The most straightforward way to isolate STEC from a sample is direct screening for Stx-positive colonies through the Stx colony immunoblot or colony hybridization (50) . Kits for DNA hybridization and a Stx colony immunoblot kit are commercially available, and these methods for STEC detection are officially recommended for food inspection laboratories in Germany (61) . However, as these procedures are laborintensive and time-consuming, they reach their limits when larger numbers of samples have to be investigated in time.
Because many countries concentrate only on a limited number of EHEC serogroups (O157, O103, O111, O26, and O145), commercially available immunomagnetic separation (IMS) assays are used for enrichment of suspected colonies before cultural detection (100, 104, 105, 137, 144) . Studies have shown that the IMS enrichment increases the isolation rate of the targeted bacteria (45, 50, 131) . IMS beads directed to other EHEC serogroups can be prepared with commercially available reagents if the appropriate antisera for coating are available (101) . However, the use of IMS is limited to the targeted E. coli serogroups, and serologically O-rough derivatives of these STEC strains will not be captured specifically by O-antigen-directed IMS beads.
Independent of the enrichment procedure used, STEC colonies must be grown on solid agar plates to obtain pure cultures for storage and further characterization. Solid media for STEC isolation can be divided into nonselective media (such as brain heart infusion agar) (145, 146) , indicator media for certain phenotypic properties of STEC strains (such as enterohemolysin agar) (57) , and selective media which frequently contain tellurite or antibiotics (such as CT-SMAC) (50) . Very frequently, indicator media are modified by the addition of selective agents or antibiotics to increase their selectivity (101, (147) (148) (149) (150) (151) .
Nonselective media are suggested for isolation of presumptive EHEC according to the CEN/ISO method. After IMS enrichment, a minimum of 50 colonies on nonselective medium (nutrient agar) followed by stx PCR investigation of pooled and single colonies is proposed for isolation of STEC from positively tested samples (104). The USDA/FSIS method uses a chromogenic, selective indicator medium (modified Rainbow Agar) for the detection of major EHEC-type strains after IMS and a serological slide agglutination test for identification, followed by PCR detection of relevant genes for confirmation (105).
A number of indicator media and selective media have been developed for detection and selection of STEC strains (102, 129, 146, 150) . Most of these media were specifically developed for the detection of nonsorbitol-fermenting STEC O157:H7 strains. Addition of antibiotics such as novobiocin, vancomycin, cefixime, and cefsulodin to inhibit Gram-positive organisms, plus Proteus and Pseudomonas species, was shown to increase the selectivity of growth media for STEC strains (129, 145, 147) . However, the efficacy was found to depend largely on the type and the concentration of the antibiotics used (129, 136, 146, 152) . Lower recovery of plated STEC strains was found with some commercial selective media when compared to nonselective brain heart infusion agar (146) . Which additives are used for the selectivity of the medium also depends on the background microflora, which may vary between different sample types.
Chromogenic media such as modified Rainbow Agar, Chromagar-STEC, and noncommercial formulas are widely used to identify STEC strains by observing colony growth, morphology, and color (100, 102, 105, 150, 151, 153) . These media commonly contain tellurite, which is used for counterselection to suppress growth of accompanying non-STEC bacteria. Tellurite is highly selective for growing non-sorbitol-fermenting E. coli O157 and certain other EHEC strains belonging to the "big seven" EHEC serogroups. Resistance to tellurite is associated with a cluster of genes encoded by the ter operon (102, (154) (155) (156) . However, about half of the EHEC O103:H2 strains, all sorbitol-fermenting EHEC O157:[H7] strains, and single representatives belonging to other EHEC serogroups (O121:H19, O145:H28) were found to lack ter genes and showed no growth on media containing tellurite (102, 155) . The maximum concentrations of tellurite permitting growth were found to be significantly different when STEC strains were compared, and spontaneous recombinants of EHEC O157 strains developing sensitivity to tellurite were found (146, 157) . Most STEC strains not belonging to the "big seven" group were found to be negative for ter genes and were inhibited by tellurite in growth media (102, 156) .
On the other hand, many Enterobacteriaceae from the environment that are found in vegetables and surface water grow on media containing tellurite (Beutin L, unpublished data). By screening a large number of E. coli strains, 12% of apathogenic E. coli (#150) and 12.5% of EPEC (#287) were found to carry ter genes and showed growth on media containing tellurite (102) . In summary, tellurite supplementation of growth media proved to be suitable for selection of the most important EHEC strains, but absence of growth on these media does not indicate that EHEC is absent from the sample.
Selective agar plates were found to grow generally lower portions of inoculated STEC when compared with unselective brain heart infusion agar (146) . The choice of a nonselective indicator medium, such as enterohemolysin (washed sheep blood) agar, may thus serve as a supplement or alternative to selective media used in isolation of STEC. Enterohemolysin (also called EHEChemolysin) is encoded by genes (ehxA/ehlyA) located on large plasmids present in EHEC and STEC strains (158, 159) . In contrast to E. coli alpha-hemolysin, enterohemolysin is only visible on blood agar plates containing washed sheep blood erythrocytes (57, 160) . Hemolysis zones caused by enterohemolysin are generally narrow and turbid and appear after longer incubation, generally overnight, of bacteria plated on enterohemolysin agar (57) . They are easily discerned from hemolysis zones caused by alpha-hemolysin, which is frequently found in uropathogenic E. coli and enterotoxigenic E. coli from animals, but not in EHEC and very rarely in STEC strains (160) (161) (162) . Alpha-hemolysin is produced in the exponential growth phase, and lysis zones appear after 3 to 4 h of incubation of inoculated plates at 37°C. The lysis zones are generally larger compared to those of enterohemolysin. The detection of low quantities of enterohemolysin-positive (Ehly + ) STEC from mixed cultures of bacteria can be improved by plating dilutions of bacterial enrichment cultures. Single Ehly + colonies indicating STEC can thus be easily detected in a lawn of morphologically different bacteria (57) (Fig. 4) . Enterohemolysin agar is commercially available, and its selectivity can be improved by the addition of antibiotics (57, 147, 149) (Fig. 5 ). About 90% of EHEC and 40% of STEC strains carry the ehxA/ehlyA genes, which are rarely found in non-STEC strains (40, 163) . However, some of the important EHEC types, such as sorbitol-fermenting O157 and O104:H4, do not express or do not carry genes for ehxA/ehlyA, respectively (43, 164) . On the other hand, ehxA/ehlyA genes are frequent in derivatives of EHEC that have lost the stx genes and in some EPEC O26:H11 strains as well (165) (166) (167) . In STEC from human patients, the presence of ehxA genes and an enterohemolytic phenotype was found more associated with strains possessing the eae gene (96.2%) than with eae-negative STEC strains (65.2%) (34, 168) . Enterohemolysin genes were found in 37.9 to 55% in STEC from food specimens (18, 86, 87, (169) (170) (171) . Moreover, significant differences for the presence of ehlyA genes were found between STEC strains according to their animal food origin (52, 172) . ehly/ehxA genes were also found in more than 92% of STEC strains isolated from the environment of dairy farms (26) and were significantly associated with STEC from food derived from cattle, wild boar, and red deer (18) . As some E. coli strains produce enterohemolysin without being STEC, all isolates of presumptive STEC taken from enterohemolysin agar have to be confirmed for Stx production or the presence of stx genes.
STEC STRAIN TYPING METHODS
Bacterial subtyping includes microbiological and molecular methods that are useful for differentiation below the species level. Microbiological methods such as serotyping, biotyping, colicin typing, phage lysotyping, and antibiotic susceptibility typing are widely used for E. coli and other bacterial species. A growing number of molecular methods are described for typing of STEC strains (50, 173) , but only some have gained broader acceptance. An overview of genotyping methods for STEC was presented recently, and the most promising molecular methods for STEC genotyping were compared for their discriminatory power; ease of standardization, performance, and interpretation; availability; and costs (173) .
Many typing methods are not generally applicable to all strains of the STEC group but were found useful for the identification and characterization of certain STEC strains, subtypes, and subclones within a given serotype or serogroup. Biotyping was found important for rapid screening of clinically and epidemiologically important subtypes among strains belonging to the same O:H type such as O157:[H7] and O26:[H11] (166, (174) (175) (176) . Bacteriophage lysotyping was used for subtyping clinically and epidemiologically important STEC O157:H7 strains, but its use is restricted to a few laboratories and is not successfully employed on non-O157 STEC strains (50, 177, 178) . Resistance to certain antimicrobials such as sulfamethoxazole, tetracycline, and streptomycin is frequent in many STEC and EHEC strains (179) . However, an extended antimicrobial resistance typing can be very helpful for the identification and characterization of subclones within STEC strains and types (43, 50, 118, 180) . Most STEC strains carrying plasmids and plasmid profiles can be heterogeneous within a given serotype (181, 182) . Analysis of plasmid profiles can nevertheless be helpful for describing clinically important subclones among certain STEC types (183) .
Multi-locus sequence typing (MLST) has replaced multi-locus enzyme electrophoresis and is now widely used for analysis of phylogenetic relationships among E. coli strains (173, 184) . However, MLST can be also employed for characterization of epidemiologically and pathogenetically important subtypes among serotypes and clones of E. coli strains. Conventional and molecular serotyping was found to provide useful information for outbreak investigations, for defining seropathotypes, and for all kinds of epidemiological studies on reservoirs and spread of certain STEC types. The complete O:H serotype of STEC strains can be used as an indicator for the clonal type of certain STEC strains, as shown by multi-locus enzyme electrophoresis and MLST analysis (118, 185, 186) . In a similar way, other molecular typing methods such as pulsed-field gel electrophoresis (PFGE) gave more meaningful results when strains belonging to the same serotypes were compared instead of randomly sampled STEC isolates (187, 188) . (189) . At present, a panel of E. coli O antigens (O1 to O181) and H antigens (H1 to H56) is described (190) , and four additional O antigens (O182 to O186) are currently being investigated in some reference laboratories (18, 191, 192) . Complete serotyping of E. coli O and H antigens is performed in a few laboratories that participate in quality assurance tests (193) . STEC belongs to more than 400 serotypes (see "Diversity of STEC Types" above), and many diagnostic laboratories concentrate on the identification of the most important EHEC serogroups. A large panel of E. coli antisera for O and H serotyping is commercially available and can be used to screen diagnostically interesting types. Complete serotyping by agglutination of O and H antigens is laborious and time-consuming, as slide agglutination tests with live bacteria have to be confirmed by agglutination in tubes with heat-treated (O antigen detection) and formaldehyde-inactivated motile cultures of bacteria (H antigen detection) (189) . A number of serological tests for detecting E. coli O157 and H7 antigens and conjugated antibodies directed to important EHEC serogroups are commercially available to design and perform rapid serological assays.
Phenotypical and Molecular O and H Serotyping
However, a considerable number of STEC and EHEC isolates from clinical, food, and other sources are not typeable for the O and H antigens, as O-rough (spontaneously agglutinating) and nonmotile (NM) strains are frequently isolated. About 18% (n=107) of 593 STEC strains from different types of food were untypeable (O-rough or unknown O type) for their O antigens using O antisera from O1 to O186 (18) . In a study of 677 STEC strains from human patients, 221 (32.6%) were found to be NM and thus not serotypeable for their H antigens (34) . The NM strains frequently include representatives of the "big seven" EHEC O groups (30, 34, 164) .
Most STEC strains showing an NM phenotype were nevertheless found positive for the fliC gene, which encodes most of the flagellar antigens in E. coli (194) . In those cases, H serotyping can be substituted or accompanied by molecular typing of the fliC gene in E. coli. A number of PCR and RFLP methods were described for fliC genotyping (195) (196) (197) . In some cases, fliC genotyping was found to be more specific for detection of genetic subtypes among serologically cross-reacting H antigens and for possible detection of new flagellar types in E. coli (198) (199) (200) . The fliC genes representing 43 H antigens in E. coli have been sequenced, and the sequence information can be used for confirmation of H serotyping and fliC typing results (194) .
Numerous molecular serotyping methods have been developed as alternatives to traditional serotyping and identify most often the genes associated with the somatic (O) and flagellar (H) antigens or detect particular serotype-associated sequences in housekeeping or virulence genes. These methods have the advantage of also being applicable on O-rough strains that cannot be serotyped phenotypically. Molecular tools developed for the determination of the O antigen are mainly based on the detection of the rfbE (also named per), wzx, and wzy genes (95, 97, (201) (202) (203) (204) (205) (206) . Ballmer and coworkers (207) developed a serotyping microarray to identify the 24 most epidemiologically relevant serogroups based on oligonucleotides designed on the wzx and wzy genes. In addition, this array tube-based assay targeted 47 different H antigens based on the identification of variations on the fliC gene that code for the flagellar monomer (207, 208) . Lin and coworkers (209, 210 ) fabricated a TaqMan real-time multiplex PCR assay and a microbead-based suspension array that identify the 10 most clinically relevant STEC serogroups (O157, O26, O45, O91, O103, O111, O113, O121, O128, and O145), targeting the wzx and wzy genes of the rfb locus. An alternative molecular O serotyping method based on sequence variations of the gnd gene was presented by Gilmour and coworkers (211) . The gnd gene is located close to the O antigen cluster. By sequencing this gene, they demonstrated the presence of unique alleles for each of the examined STEC serogroups. Furthermore, this approach differentiates between STEC and non-STEC strains of serogroups O157, O26, O55, O6, and O117 (https://www.corefacility.ca/ecoli_typer/). Recently Norman et al. (212) identified single nucleotide polymorphisms in the O-antigen operon of serogroups O26, O45, O103, O111, O121, and O145 that could be used to differentiate between strains of these serogroups that contain STEC-associated virulence factors and those that do not. Their study supports the idea that differences in the genetic sequence of the O-antigen operon correspond well with differences in the virulence gene profiles and provide evidence of separate clustering for STEC and non-STEC strains. These findings may open the development of new detection tests and thus represent a significant improvement in the identification of EHEC strains. Another recent approach described by Delannoy et al. (120, 213) is based on the genetic diversity of the clustered, regularly interspaced, short palindromic repeats (CRISPR) regions of EHEC to design simplex real-time PCR assays for each of the "big seven" EHEC serogroups and for STEC O104:H4. The identification of EHEC serotype-specific CRISPR sequences was found to be more specific than the mere identification of O antigen gene sequences as it is used in current PCR protocols for the detection of EHEC strains (104, 105).
PFGE and Other Genotyping Methods
PFGE of total bacterial DNA digested with infrequently cutting restriction enzymes produces DNA patterns that allow comparison of strains at a genomic level. PFGE is considered the gold standard of subtyping methods because of its discriminatory power and its usefulness in epidemiological investigations (173) . PFGE is widely used for typing of EHEC O157:H7, and the electronic submission of DNA fingerprints stored in databases allows worldwide survey of these pathogens (214, 215) .
Less frequently, PFGE is also used for typing of non-O157 EHEC strains. Most data are available from non-O157 EHEC "big five" strains, but other STEC types also were investigated (15, 87, 187, (216) (217) (218) (219) . A number of studies were performed on E. coli O26 strains from patients, food, and animals (166, 176, 182, 220, 221) . PFGE typing was compared with other genotyping methods such as variable number of tandem-repeats analysis (MLVA) (166) . IS621 multiplex PCR-based fingerprinting was found to be less discriminatory than PFGE in a study on O26 isolates from different sources, but epidemiologically related strains were identified with both methods (221) . MLST, PFGE, and MLVA were found suitable to discriminate between major clusters of O26:[H11] EPEC and EHEC strains (166, 222) . PFGE was used for typing STEC and other E. coli strains belonging to serogroup O103 and compared with other typing methods such as P gene profiling and ribotyping. Clonal types were reported to be best defined by a combination of PFGE and P gene profiles (177) . Stx phage PCR-RFLP was found to be less discriminative than PFGE for typing a series of STEC strains isolated in Japan, including O157, O26, O111, and others (223) . PFGE and MLST with seven housekeeping genes were compared in an analysis on 54 E. coli O103 strains from different sources. PFGE was very useful for identification of genetically closely related subgroups among strains belonging to the same MLST type, such as Stx2-producing EHEC O103:H2 strains from patients with HUS (224) . The suitability of PFGE for identification and subtyping clinically important STEC strains was also demonstrated with serogroup O145 strains (225).
Moreover, PFGE was successfully employed to verify transmission of STEC strains between animals, from animals to humans, and in the food chain (217, 218, (226) (227) (228) (229) . PFGE analysis of STEC strains belonging to the same serotypes was also helpful to show that wild and domestic animals form a common reservoir for certain STEC and EHEC strains that contaminate the respective food products and are finally found in human patients (87, 166, 216) .
The ability of Stx phages to integrate at distinct sites in chromosomes of E. coli (230, 231) was employed as a molecular typing method for STEC O157:H7 strains with regard to their virulence for humans. Sixteen genotypes of STEC O157:H7 strains were defined on the basis of Stx type and occupation of phage integration sites in the chromosome of STEC O157:H7 (232) . The majority (95%) of STEC O157:H7 clinical isolates from humans clustered into genotypes 1, 2, and 3 in contrast to only 51.3% of the bovine STEC O157:H7 strains (232) . Human-associated STEC O157:H7 genotype strains were characterized by increased expression of EHEC virulence genes (pO157 and LEE), which could explain their prevalence in disease (233) . Human STEC O157:H7 strains are characterized by the presence of Stx2a phages whereas Stx2c phages are present in typical bovine O157:H7 strains, which could also explain the virulence differences observed (234) .
Subtyping of STEC-and EHEC-Related Virulence Genes
Virulence markers such as bacteriophage-encoded stx genes, the LEE pathogenicity island-located eae (intimin) genes, and some non-LEE effector genes (nle) such as nleA were shown to be genetically very heterogeneous, splitting in various subtypes (46, (235) (236) (237) (238) (239) . Genotyping of eae, stx, and some nle genes was thus employed for typing STEC strains, to describe STEC clones, for defining pathotypes, and for investigating animal host reservoirs. Subtyping of these genes is performed with real-time and conventional specific PCRs, restriction endonuclease digestion of relevant PCR products, and nucleotide sequencing.
Subtyping of stx genes below the Stx1 and Stx2 level becomes increasingly important for describing potentially human pathogenic STEC strains. Certain subtypes of Stx1 and Stx2 are related to the virulence of STEC for humans and are frequently associated with EHEC strains (46, (240) (241) (242) . Some genotypes of Stx1 and Stx2 are typical for certain serotypes of STEC strains. Significant relationships among the food-producing animal host species, STEC serotypes, and stx genotypes could be established (18) . In detail, Stx2e, as the key factor in porcine edema disease principle, is frequently found in STEC from pigs, wild boar, and their meat products but rarely in other animal species. Most likely, Stx2e is not associated with human pathogenicity (18, 52, 243, 244) . Stx2f is associated with certain serotypes of STEC strains from birds and with strains of Escherichia albertii (245, 246) . STEC producing Stx2f was found positive for LEE genes (encoding the attaching and effacing phenotype) and was isolated as an agent of nonbloody diarrhea in humans (241, 247) . Stx1c and Stx2b are frequent among STEC strains from sheep, goats, red deer, and their food products (18, 216, (248) (249) (250) . Stx1c and Stx2b are more associated with nonbloody diarrhea in humans but not with HC and HUS (34, 241, 242) . Stx1a, Stx2a, Stx2c, and Stx2d were found to be significantly associated with STEC from bovines and food of bovine origin (18, 144, 251, 252) . Stx2a is highly associated with STEC strains causing HUS in humans, such as O157:H7 and O104:H4 (43, 234, 253) . Stx2a, Stx2c, and Stx2d genes show little differences in their genotypes (46) , and PCR-RFLP typing was found useful for detecting multiple types of these genes, which are frequently present in single STEC strains (46, 86) . A close association of certain serotypes, stx subtypes, and the species of the food-producing animals was found in a study of 597 STEC strains from different food categories (18) . Accordingly, multiple types of stx variants are associated with STEC isolated from food (18, 86, 87, 254) . A similar diversity of Stx types was also found in STEC isolated from the farm environment (255, 256) .
Some, but not all, subtypes of Stx1 and Stx2 are associated with strains carrying the LEE-encoded eae genes involved in intestinal adhesion of EPEC and EHEC strains. About 35 variants of the eae gene have been described in E. coli (257) and in other Enterobacteriaceae (246, 258) . The "big seven" EHEC strains express different genetic variants of the eae gene, which can be analyzed by PCR, PCR-RFLP, multiplex real-time PCR, and nucleotide sequencing (109, 144, 236, 259, 260) . Typing of eae genes was found to be useful for characterizing EHEC from food and animals and for discriminating between EPEC and EHEC strains belonging to serogroups O103, O111, O145, and O157 (113, 144, 172, 216, 220, 224, 225) . Typing of eae genes in combination with analysis of nle genes can also be useful for discriminating between EPEC and EHEC derivative strains that have lost their stx genes and for characterizing new types of emerging EHEC strains (34, 163, 169, 261, 262) .
RISK ASSESSMENT OF STEC FOR HUMANS
With the growing number of different STEC serotypes isolated from different sources, attempts to classify these strains according to their virulence for humans have increased. The term EHEC was coined in 1987 for those STEC strains that cause HC and HUS, and a DNA probe derived from the O157 virulence plasmid (pO157) was developed for typing purposes (263) . Certain genetic variants of Stx, such as Stx1a and Stx2a, were found more associated with HC and HUS in patients than others (46) . However, the mere presence of stx 1 or stx 2 genes in an STEC strain does not itself indicate that it causes severe disease in humans.
The relation between Stx type and human pathogenicity of an STEC strain becomes statistically clear if the presence of other virulence genes encoded by virulence plasmids (ehlyA) and the LEE-encoded eae genes are considered (11, 37, 264, 265) . Efficient adhesion of an STEC strain in the human intestine seems to be a prerequisite for its capacity to cause severe disease such as HC and HUS. The LEE-encoded attaching and effacing system is a typical colonization mechanism of the "big seven" EHEC strains. On the other hand, the outbreak with EAEC O104:H4 has demonstrated that the LEE system can be substituted by other effective intestinal adherence mechanisms such as those present in EAEC strains (11, 43) . A number of other types of fimbrial and afimbrial adhesions, which can play a role in intestinal adhesion of STEC strains, have been described (266) . Further analysis of STEC strains from human patients will show whether the presence of one or more of these adhesins is specifically associated with severe illness.
A growing number of genes located on virulence plasmids of STEC and on genomic islands (LEE, nle genes) were associated with strains causing disease in humans (42) . Elucidation of genomic sequences of major EHEC strains allowed further research on the distribution of various effector genes located on prophages and genomic islands in strains belonging to the "big seven" EHEC types (267) (268) (269) . It thus became possible to establish an MRA approach (39) to define STEC according to its pathogenicity for humans. The first MRA approach was established by Karmali and coworkers in 2003 (37) . STEC strains were classified as seropathotypes A to E according to their incidence, frequency in outbreaks, and association with HC and HUS. Seropathotypes A and B comprise the EHEC "big five" plus O121 strains whereas seropathotype C includes LEE-negative STEC strains that were already associated with HC and HUS (O91:H21, O113:H21, O104:H21, and others). Strains of seropathotype D encompass all STEC strains that were already involved in cases of diarrhea but not HC and HUS. Finally, strains of seropathotype E have not been associated with human infections. The MRA approach was adapted in further studies revealing links between severe illness, outbreaks, and the presence of genomic islands, such as OI-122 and OI-71 (39, 270). Bugarel and coworkers (40, 163, 271) studied the distribution of coding sequences found on genomic islands OI-71 and OI-122 in a collection of more than 500 EHEC, EPEC, STEC, and nonpathogenic E. coli strains. Both genomic islands code for Nle type III effectors that are potentially involved in STEC virulence. The results revealed an association between the distribution of nle genes harbored on OI-71 (nleF, nleH1-2, and nleA) and OI-122 (ent/sen/espL2, nleB, and nleE) with the "big seven" EHEC serotypes and with emerging EHEC serologically different from the "big seven" that had been already associated with severe illness in humans.
EHEC strains show either one of two predominant profiles, which differ according to their composition of nle genes. EHEC O157:[H7], O111:[H8], O26:[H11], and O121:H19 generally have the complete set of the six nle genes located on islands OI-71 and OI-122, as found with emerging EHEC serotype of O5:NM, O103:H25, and O55:H7 strains. On the other hand, EHEC O103: H2 and O145:[H28] strains showed an altered profile composed of OI-122 nle genes ent/sen/espL2, nleB, nleE, and the OI-71-located nleH1-2 gene. nleF and nleA genes (OI-71) were not detected in O103:H2 and O145:
[H28] strains using the PCR assays developed in this study. However, the possibility that these strains carry genetic variants of these nle genes, as previously reported for nleA, cannot be excluded (235) .
The "big seven" EHEC and some of the emerging EHEC types are characterized by four variants of the eae genes present in these strains (163, 169, 271) . The eaegamma variant is characteristic for EHEC O157:H7, O55:H7, and O145:H28. The eae-epsilon variant is a hallmark of EHEC O103:H2, O45:H2, and O121:H19 strains (163, 236) . The eae-theta variant is associated with EHEC strain O111:[H8] and with the emerging EHEC O103:H25 strain that caused an HUS outbreak in Norway (272). Finally, the eae-beta variant is present in EHEC and EPEC O26:H11 (167) and in emerging EHEC strains of serotype O5:NM and O118:H16.
In a given STEC strain, the presence of ent/sen/espL2, nleB, nleE, and nleH1-2 effectors, when associated with one of the four genetic variants of the eae gene-eaebeta, eae-gamma, eae-epsilon, or eae-theta-constitutes the characteristic signature of typical and emerging EHEC strains that have been identified over the past few years in Europe. Detection of these genetic markers constitutes an innovative DNA-based approach in the MRA of STEC strains.
As these nle genes and eae variants can be shared by Stx-negative EPEC strains as well (271), identification of genetic markers allowing a more targeted screening of EHEC strains in complex food samples is still challenging, and genetic targets that may support such an approach still have to be clarified. Monitoring EHEC in foods requires, in particular, selection of genetic markers able to discriminate clearly EHEC from EPEC strains. A recent study pointed out that genes carried by genomic O island 57 (OI-57) may be associated with increased virulence of STEC strains in humans (273) . Open reading frames (ORFs) inside OI-57 such as Z2097, Z2098, Z2121, and Z2149 seem to be associated preferentially with the EHEC strains (273) . Recently, Delannoy and coworkers (32) identified two ORFs on OI-57 called Z2098 and Z2099 as suitable markers to discriminate between EHEC and EPEC strains. Z2098 and Z2099 show a higher specificity for the "big seven" EHEC serotype strains than does the eae gene and the other nle genes that were investigated so far. Accordingly, Z2098 and Z2099 were rarely found in EPEC (10% and 12%, respectively), STEC (2% and 15%), and apathogenic E. coli (1% each), in contrast to EHEC (87% and 91% positive) and stx-negative EHEC derivative strains.
Apart from the "big seven" EHEC and some emerging EHEC serotypes, there is no MRA approach to classify the broad number of LEE-negative and nle-negative STEC strains that constitute the major part of STEC isolated from animals, food, and the environment. Nevertheless, 16 of the 41 strains of the HUSEC collection are LEE-negative, pointing out that at least some of these STEC strains are able to cause severe disease in humans (108) . Some serogroups of these LEE-negative STEC strains (O91, O63, O113, O128, and O146) accounted for 21.4 to 25.7% of serotypeable, non-O157 STEC strains isolated from human patients in the European Union (107) . Most of these strains are frequently found in food of different origins and can thus be transmitted as food-borne infections. Food-borne, LEE-negative STEC strains were found to group in the same MLST clusters as LEE-negative strains that were isolated from patients with HUS (108, 123) . Serotyping of 593 food-borne STEC strains isolated in Germany between 2005 and 2009 revealed 73 serotypes that were already found associated with human infections (18, 50) (Table 2) .
A future challenge will be to establish MRA concepts that enable a better definition of human pathogenic and nonpathogenic STEC of the diverse group of LEEnegative STEC strains.
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